paper, a new HETB composed of an engine-generator, two 37 drive motors, and an ultracapacitor pack is put forward. The 38 powertrain topology of the HETB is shown in Fig.1 . This 39 HETB uses an integrated controller to manipulate two 40 separate motors on the two sides. The added electric motors 41 and ultracapacitors provide more flexibility to meet power 42 demands and achieve minimal fuel consumption [1] . The 43 performance or fuel economy of the HETB is heavily 44 dependent on its energy management strategy, which uses a 45 supervisory controller that can coordinate the energy flow 46 between different energy sources and enhance the overall 47 efficiency of the powertrain [2] . 48 Recently, numerous energy management strategies have 49 been reported and applied to hybrid electric vehicles 50 (HEVs) [3] , [4] , [5] , [6] , and these strategies can be divided 51 into four classes [7] . The first type refers to the numerical 52 optimization method, where the entire or partial drive cycle 53 is required and the global or local optima is found 54 numerically; this type includes the DP [8], [9] , [10] , MPC 55 [11] , [12] and stochastic DP [13] . DP provides a globally 56 optimal solution and is mainly employed as a good 57 benchmark for optimality comparison [14] . In the literature 58 [6] , authors firstly propose a novel correctional DP-based 59 energy management strategy that takes characteristics of 60 the drive cycle and hybrid powertrain into consideration to 61 realize the significant improvement of fuel economy and at 62 the same time to ensure drivability during slope conditions. 63
The second class represents the analytical optimization 64 method including Pontryagin's minimum principle and the 65
Hamilton-Jacobi-Bellman equation [15] . The third type is 66 the equivalent consumption minimization strategy (ECMS) 67 [16] , which decides the optimal power split ratio between 68 different energy sources at each step [17] , [18] . 69 Furthermore, the ECMS method does not require future 70 driving information as it solves an instantaneous 71 optimization problem. Given a proper equivalent factor, 72 ECMS could potentially achieve sub-optimal fuel economy 73 [19] . Nevertheless, it is nontrivial to tune the equivalent 74 factor, and ECMS cannot produce globally optimal 75 performances. ECMS is able to adjust the factor via an 76 adaptive ECMS as long as the future driving information 77 can be identified online to achieve better fuel economy 78
[ Literature [34] Table I.  52 The HETB is modeled in SIMULINK, as shown in Fig.2 . 53
For more information regarding this model, please refer to 54
[35]. 55 Differing from road vehicles, the bulldozer's major 57 external forces that are exerted on the two tracks along the 58 heading direction include the external travel resistance F E 59 and the operating resistance F T . The aerodynamic drag and 60 the acceleration resistance are neglected since the bulldozer 61 has a low velocity [36] , [37] . 62
The external travel resistance F E is caused by the vertical 63 deformation of the soil under the anterior track of the 64 bulldozer when driving. It mainly results from the energy 65 consumption of soil compaction and the effects of 66 bulldozing resistance can be shown as [38] : 67
where, 71
The operating resistance F T is shown as the following 75 [39] : 76 
By combining (1) ~ (12), the vehicle's power 83 requirements for the powertrain, P req , can be formulated as:
where V is the bulldozer's speed along the longitudinal 86 direction. 87 
C. The Engine Model 1
The experimental approach is adopted to model the 2 engine, and the engine's dynamic characteristics are 3 neglected. The engine fuel consumption is represented by a 4 function of the mechanical power and crankshaft speed, 5 both of which were identified from experimental data as 6 shown in Fig. 3 . 7 The engine is constrained to operate within its limits: 12 where N e,min (t) and N e,max (t) represent the lower and upper 14 limit of engine speed at time t, respectively; P e,min (t) and 15 P e,max (t) are the limits of the output power, respectively; 16 whereas, T e,min (t) and T e,max (t) are the minimum and 17 maximum engine torque at time t, respectively. 18
D. The Generator and Motor Models 19
The generator and motor efficiency characteristics are 20
represented by a non-linear 3-D Map with respect to torque 21 and speed using experimental data. The generator 22 efficiency map is provided in Fig.4 , and the motor 23 efficiency map is indicated in The power balance model for the electrical summation 55 node is shown in Fig.6 , where the relationship among the 56 power from the genset, the electric motor, and the 57 ultracapacitor is described as: 58 where P req is the power requirements from the powertrain; 2 P gen,e denotes the electric power from the genset; and η g is 3 the generator efficiency. The vectors of states, control inputs, measured inputs, as 28 well as the outputs are defined as: 29
30
The linearized and discretized model of the system 31 becomes: 32
In this equation, 34 35
The cost function to be minimized can be described by: 37 
In the above equation, N is the prediction horizon length; w y 39 and w u refers to the weights for the output y and control 40 input u, respectively. 41
The objective function has been formulated for the 42 energy management problem of the HETB. The main 43 objective is to achieve optimal fuel economy by tracking 44 the SOE reference value. The SOE reference trajectory is 45 obtained from the dynamic programming (DP) 46 optimization and the fuel consumption's reference 47 trajectory is taken as zero. The constraints on the control 48 effort involved are imposed by enforcing (24) and (25) to the input will be obtained by inserting (31) into the 58 original objective function shown in (30) and neglecting the 59 constant term: 60 constraints of the increment of the control can be found by 5 the reformulation of (32) and the constraints shown in (30). 6
For example, the constraints of the states can be applied to 7
The energy management problem is solved by an open 9 source solver, qpOASES [41] .The optimal control input 10 sequence u 0 , u 1 , u 2 …u N-1 is obtained from the solver 11 qpOASES, and the first element of this trajectory u 0 is 12 applied to the plant model of the HETB. The problem setup for the DP-based strategy requires 55 discrete values of the control variable and a discrete-time 56 description of the system. The procedure of DP is 57 implemented as follows [6]. 58
1) Problem Formulation 59
The state and the control variables need to be determined 60 in order to formulate the DP. As mentioned, the state is the 61 SOE. The control input refers to the output power of the 62 ultracapacitor. The discrete-time model of the HETB can be 63 expressed as: 64
In the above equation, u(k) and x(k) are the control inputs 66 and the state variables, respectively. The sampling time is 67 chosen as 1 second. 68
The purpose of this optimization problem is to obtain the 69 optimal control sequence, u(k), and minimize the fuel 70 consumption over a given drive cycle. The cost function of 71 this optimization problem is described as follows: 72
where, L means the instantaneous cost value and M is the 74 time length of the specific drive cycle. 75
The physical constraints of state and control variables are 76 denoted by the following inequalities to guarantee 77 smooth/safe operation of the key components, including the 78 engine, motor, and ultracapacitor: 79 Furthermore, the equality constraints are used such that 81 the HETB can satisfy load and speed requirements at all 82 times. 83
2) Implementing Dynamic Programming 84
The main merit of DP is that it is able to deal with the 85 nonlinear problem and constraints while obtaining the 1 optimal policy. The DP problem can be described by (36) 2 and (37): 3
Step M-1:
Step k, for
where J k * (x(k)) refers to the optimal accumulated cost from 8 time step t k to the terminal; whereas, x(k+1) means the state 9 at the (k+1)th stage when the control variable u k is applied 10 at the time step t k according to (29). 11
The optimal control policy is obtained by solving the 12 above recursive equation backwards. stage, and 33~50-s is the no-load stage. Fig.8 shows the 29 power demand calculated according to the typical working 30 condition by the equations described in Section II. 31 The most important MPC parameter that affects the 32 solution is the length of the prediction horizon, N, which 33 can be 2s, 4s, or 15s. Fig.9 shows the SOE profile 34 corresponding to the different lengths of prediction 35 horizons and the optimal solution obtained from the DP 36 algorithm. It can be observed that as the prediction horizon 37 increases, the MPC draws closer to the optimal solution. 38
The improvement in fuel economy is provided in Table III.  39 To compensate for the discrepancy between the initial SOE 40 and final SOE, the correction method proposed in [13] is 41 used such that the comparison can be performed. As seen 42 from Table III , the fuel consumption also decreases with an 43 increase of the receding horizon. Finally, a prediction 44 horizon of 15s will be chosen and used in the MPC 45 development in the following two scenarios. 46 Fuel economy achieved by the MPC algorithm is compared 52 to the DP algorithm and the rule-based algorithm over the 53 same working condition shown in Fig.7 . As indicated in 54 Table III , DP helps the HETB consume the minimal amount 55 of fuel, 290g. The fuel consumption of the rule-based 56 algorithm from the previous work is 313g, and its fuel 57 economy is 92.6% of the optimal one. The fuel economy of 58 the MPC algorithm is better than that of the rule-based 59 algorithm and much closer to that of the DP algorithm. An 60 additional 6% fuel economy is obtained by MPC algorithm 61 over the rule-based one. The MPC can achieve 98.6% fuel 62 optimality in relation to the optimal DP under a typical 63 driving scenario. Although DP cannot be used in real time, 64 analyzing its behavior can provide meaningful insight into 65 the possible improvement of the MPC controller. In order to verify the robustness of the proposed MPC 3 strategy, a disturbance of 40% is added to the typical 4 working condition as shown in Fig.11 . 5 The results of the system SOE, ultracapacitor's current, 6 engine power, and input P uc are presented in Fig.12 . Fig. 13  7 shows the comparison of the SOE between the MPC and the 8 DP under Scenario 2. The fuel consumption of the three 9 energy management strategies is shown in Table IV. The  10 MPC algorithm can achieve 98.9% fuel optimality with 11 respect to the DP benchmark under scenario 2; whereas, the 12 rule-based power management can only achieve 91%. The results of the system SOE, ultracapacitor's current, 1 engine power, and input P uc are presented in Fig.15 . Fig. 16  2 shows the comparison of the SOE between the MPC and the 3 DP under scenario 3. The fuel consumption comparison is 4 shown in Table V . The DP-based control strategy with the 5 actual working condition is used to evaluate the MPC and 6 rule-based performances in the presence of drive cycle 7 disturbances. It can be seen from Table V that the MPC  8 algorithm can achieve 95% fuel optimality with respect to 9 the DP benchmark under scenario 3 while the rule-based 10 power management can only achieve 87.5%. An additional 11 8% fuel economy improvement is obtained from the MPC 12 algorithm over that of the rule-based strategy. 13
The conclusion can be drawn that even under disturbed 14 conditions, the MPC can work very well in spite of using 15 the typical working condition for its prediction. One 16 simulation step has the calculation time of mere 17 milliseconds, so this proposed MPC can be used in real 18 time. All results demonstrate that the proposed MPC is 19 robust and applicable. 20
VI. CONCLUSION 21
The application of the model predictive energy 22 management strategy of a series HETB was presented in 23 this study. In order to develop the MPC strategy, the 24 structure and modeling of the HETB were discussed, and 25 the effect of the most important MPC parameters was 26 investigated after implementation of the proposed strategy. 27
This paper also presented a comparative study between 28 the MPC and two other strategies: 1) rule-based control 29 strategy; 2) DP algorithm for minimizing fuel consumption. 30
The structure and modeling of the HETB were developed 31 first. Using this model, the formulations of three energy 32 management strategies were presented. Simulation results 33
showed that under the typical working condition, the fuel 34 economy achieved with the MPC is 6% better than that 35 achieved by the rule-based algorithm. The proposed MPC 36 power management also demonstrated that it can achieve 37 98% fuel optimality with respect to the DP benchmark in 38 the typical working condition. 
